Introduction 33
Transcription Factor 4 (TCF4, also known as ITF2, E2-2, SEF2 etc.) belongs to the family of 34 class I basic helix-loop-helix (bHLH) transcription factors, also called E-proteins (Murre et al., 35 1994) . The E-proteins bind to the DNA Ephrussi box (E-box) sequence CANNTG as 36 homodimers or heterodimers with class II bHLH transcription factors (Cabrera and Alonso, 37 1991 ). TCF4, Transcription factor 4, should be distinguished from T cell factor 4, also called 38 TCF4 with official name TCF7L2, interacting with β-catenin and participating in WNT 39 signalling pathway. TCF4 is essential for a range of neurodevelopmental processes including 40 are TCF4 targets (Forrest et al., 2018; Xia et al., 2018) . Furthermore, TCF4 regulates the 46 expression of ion channels Na V 1.8 and K V 7.1 (Ekins et al., 2019; Rannals et al., 2016) . 47
Here we set out to characterize the expression of Da in the nervous system. To this end we 84 created Drosophila lines where Da protein was endogenously tagged with either 3xFLAG or 85 sfGFP epitope tags. We show that Da is broadly expressed in the larval CNS including 86 mushroom body, the memory and learning centre of insects. To test whether Da is involved 87 in learning and memory formation in the fruit fly we used appetitive associative learning 88 paradigm in larvae (Michels et al., 2017) . In this assay, reduced levels of Da in the 89 mushroom body resulted in impaired learning and memory formation. Furthermore, silencing 90 of da also resulted in decreased level of synaptic proteins Synapsin (Syn) and discs large 1 91 (dlg1). Therefore, we suggest that the knockdown of da in mushroom body neurons 92 combined with appetitive associative learning paradigm is further applicable to screen for 93 potential therapeutics for the treatment of PTHS as well putative genetic interactors of Da 94 and by proxy, TCF4. We also demonstrate that Da binds to several areas in the dlg1 gene 95 and to Syn promoter region in adult Drosophila heads and that overexpression of da 96
increases Syn and dlg1 mRNA levels in the adult heads. Therefore, we have shown for the 97 first time that Da is required to sustain elements of the synaptic proteome in a mature 98 nervous system positing a post-developmental function for Da and possibly TCF4. 99 100 reduced ( Figure 2A ). Both 3xFLAG-da and sfGFP-da constructs were expressed at equal 136 levels as revealed by Western blot analysis ( Figure 2B ). This suggests that the 3xFLAG tag 137 does not interfere with the transcriptional activity of Da. 138 139 Da is expressed in the brain structures associated with learning and memory 140
Next we used the 3xFLAG-da line to characterize expression of Da in the third instar larval 141 brain. Da was expressed throughout the larval central nervous system (CNS), with stronger 142 expression detected in the optic lobes ( Figure 3A '' -3C''). Since mutations in or deletion of 143 one of the TCF4 alleles lead to PTHS in humans and one of the hallmarks of PTHS is severe 144 learning disability, and since TCF4 is expressed in the adult mammalian hippocampus (Jung 145 et al., 2018) , we aimed to determine whether TCF4 homolog Da is expressed in the 146 mushroom body, the brain structure of insects responsible for learning and memory. For this, 147
we deployed the UAS-Gal4 binary expression system (Brand and Perrimon, 1993) by 148 combining the 3xFLAG-da line with different driver lines with expression in the mushroom 149 body. Resulting lines with 3xFLAG-da and Gal4 were then combined with nuclear targeted 150 UAS-nls-GFP. The GMR12B08-Gal4 line directed expression of Gal4 under the control of the 151 single intron of da in most regions of the brain, including the mushroom body ( Figure 3A) . 152
The two other drivers, 30Y-Gal4 and 201Y-Gal4, were both mushroom body-specific ( Figure  153 3B and 3C). We observed that the expression of 3xFLAG-Da and GMR12B08>nlsGFP 154 overlapped in many areas of the third instar larval brain ( Figure 3A' ), including the mushroom 155 body ( Figure 3B ' and 3C'). In contrast, with 30Y-Gal4 and 201Y-Gal4, the mushroom body-156 specific driver lines, 3xFLAG-Da showed partial co-expression in cells contributing to the 157 third instar mushroom body. Thus, Da is expressed broadly in the CNS of 3rd instar larvae 158 including mushroom body. 159 160
Silencing of da in the CNS leads to impaired memory of the larvae 161
Heterozygous mutations in TCF4, the orthologue of da, lead to the PTHS syndrome, 162 characterized by intellectual disability. This fact, and the observation that Da is expressed in 163 the mushroom body implies that it might be involved in learning and memory in flies. To test 164 this, we decided to take advantage of the ease of assaying appetitive associative learning 165 and memory in the Drosophila larvae (Michels et al., 2017) . However, this assay showed that 166 learning ability is not impaired in da heterozygous mutants ( Figure 4A ), which could be due 167 to da upregulation by autoregulation (Smith and Cronmiller, 2001) . Since sfGFP-Da showed 168 diminished transactivation capability in vitro (see above), we also tested homozygous sfGFP-169 da larvae, and found no impairment of learning ability ( Figure 4A ). Thus, we next investigated 170 whether knockdown of da with concurrent enhancement by Dicer-2 (Dcr2) expression (Dietzl 171 et al., 2007) in the Drosophila CNS could impact memory and learning ability. To silence da 172 in the CNS, we used several CNS-specific Gal4 lines. We found that appetitive associative 173 learning was impaired in flies when using three drivers -GMR12B08-Gal4 ( Figure 4B ) and 174 mushroom body specific lines 30Y-Gal4 ( Figure 4C ) and 201Y-Gal4 ( Figure 4D ). For control 175 experiments, we used both the UAS-da RNAi line and the UAS-Dcr2 driven by the CNS-specific 176
Gal4 line. All of the transgenes (UAS-Dcr2, UAS-da RNAi and the driver Gal4) were 177 homozygous for lowered learning ability in the case of GMR12B08-Gal4 and 201Y-Gal4 178 ( Figure 4B and 4D ). In the case of UAS-Dcr2;3xFLAG-da,UAS-da RNAi ;GMR12B08-Gal4 line 179 (where 3xFLAG-da, UAS-da RNAi and GMR12B08-Gal4 were all in a homozygous state), Da 180 levels in the larval brains were reduced by approximately 25% and 35% when compared to 181 UAS-Dcr2;3xFLAG-da;GMR12B08-Gal4 and 3xFLAG-da larval brains, respectively (Suppl. 182 figure 1A and 1B). We were unable to get homozygotes using mushroom body specific driver 183 30Y-Gal4, possibly because knockdown of da with this driver in homozygous state is too 184 strong and causes lethality. The learning ability of heterozygous larvae where da was 185 silenced with the 30Y-Gal4 driver was notably but non-significantly impaired ( Figure 4C ). 186
Larvae with impaired learning were also tested for their ability to taste and smell. All three 187 lines showed preference towards fructose (Suppl. fig 2A) and amyl-acetate (Suppl. fig 2B) 188 which indicates that the larvae can sense taste and smell and that their locomotor activity is 189 not affected. Expressing only Dcr2 under neuron-specific elav-Gal4, as a control for da 190 silencing using the same driver, as such already caused learning impairment (data not 191 shown), so learning ability of elav-Gal4>Dcr2;da RNAi larvae was nonsignificantly different from 192 the control larvae elav-Gal4>Dcr2. Knockdown of da with glia-specific repo-Gal4 did not alter 193 learning and memory (data not shown). This suggests that for normal larval appetitive 194 associative memory appropriate Da levels are needed in the brain structures specified by 195 GMR12B08-Gal4, 30Y-Gal4 and 201Y-Gal4. 196
197

Reduced level of Da in the larval CNS leads to decreased expression of synaptic 198 proteins Synapsin and discs large 1 199
To investigate the putative mechanisms underlying learning and memory deficits in larvae 200 with lowered levels of Da in the nervous system we used the driver line GMR12B08-Gal4 for 201 silencing da since it had the broadest expression. For this we compared the expression 202 levels of several known synaptic proteins in the 3rd instar larval brains under both da 203 knockdown and overexpression conditions using the GMR12B08-Gal4 line ( Figure 5 ). We 204 quantified the expression levels of presynaptic protein bruchpilot (brp) ( Figure 5A ), 205 postsynaptic protein discs large 1 (dlg1) ( Figure 5B ), presynaptic Synapsin (Syn) ( Figure 5C ) 206 which is important for learning and memory (Michels et al., 2005) , and pan-neuronally 207 expressed neuronal specific splicing factor embryonic lethal abnormal vision (elav) ( Figure  208 5D). We found that the levels of both dlg1 and Syn were reduced in 3rd instar larval brains 209 with lower levels of Da ( Figure 5B and 5C respectively). On the other hand, Da 210 overexpression did not result in increased levels of these proteins. The levels of elav and brp 211
were not significantly changed by knockdown or overexpression of da ( Figure 5A and 5D, 212 respectively). The finding that elav levels were not affected by Da suggests that reducing Da 213 levels does not affect the number of neurons and the observed learning impairment might 214 rather stem from lowered expression levels of synaptic proteins or, alternatively, from 215 reduced number of synapses. 216 217
Larval appetitive associative learning and memory test can be used for screening 218 drugs for PTHS treatment 219
Our finding showing that larval appetitive associative learning and memory becomes 220 impaired upon da silencing indicates that these fly lines could be used for modelling certain 221 aspects of PTHS in Drosophila and testing potential drug candidates. For instance, various 222 drugs or drug candidates could be tested for their capacity to rescue this behavioural 223 impairment. Previously, it has been shown in our group that resveratrol improves 224 transactivational capability of TCF4 in primary neuronal cultures (unpublished data). Also 225 histone deacetylase inhibitor suberoylanilide hydroxamic acid (SAHA) has been shown to 226 rescue memory impairment in the mouse model of PTHS (Kennedy et al., 2016) . We 227 therefore decided to test these two substances in the appetitive associative learning 228 experiments. We observed that while the da knockdown larvae fed with 400 µM resveratrol 229 or 2 µM SAHA showed increased associative memory, the rescue of the learning deficit was 230 nonsignificant when compared to the controls ( Figure 6A and 6B). Nevertheless, the 231 impaired memory and learning of Drosophila larvae with specific da knockdown can be 232 further used for screening pharmaceuticals for potential treatment of PTHS. where da knockdown had been achieved by the same drivers as used for the larval learning 239 test. We found that negative geotaxis was unchanged in homozygotes where da knockdown 240 had been achieved by the broad neuronal driver GMR12B08-Gal4 or mushroom body 241 specific driver 201Y-Gal4 ( Figure 7A or 7C respectively). Interestingly, both female and male 242 heterozygotes whose da was silenced by the 30Y-Gal4 driver had severely impaired 243 negative geotaxis ( Figure 7B ). Next we visualized Da expression in the adult heads using 244 3xFLAG-da line and confirmed its coexpression with 30Y-Gal4. Da was expressed widely in 245 the adult Drosophila brain including the central brain and optic lobes ( Figure 7D -D''), and 246 coexpressed with 30Y-Gal4 in many cells in the mushroom body ( Figure 7E -E''). 30Y-Gal4 is 247 expressed in all mushroom body αβ, α'β' and γ lobes but 201Y-Gal4 is not expressed in α'β' 248
Kenyon cells (Aso et al., 2009 ). It has previously been shown that when mushroom body α'β' 249
Kenyon cells are activated then negative geotaxis is decreased (Sun et al., 2018) . Silencing 250 da by 201Y-Gal4 or GMR12B08-Gal4 did not cause decreased negative geotaxis probably 251 because these drivers are not expressed in brain areas responsible for this behaviour, for 252 example mushroom body α'β' lobes. We also made an attempt to rescue this phenotype by 253 administrating resveratrol or SAHA either to larvae during development or to adult flies in the 254 food substrate, but we could not get an improvement (data not shown). Here we characterized the expression of Da in the Drosophila melanogaster larval and adult 286 brain. Da was expressed in many areas of the brain including the mushroom body, which is 287 the centre for learning and memory in the fruit fly and carries out a role that is comparable to 288 the mammalian hippocampus. Orthologue of da, TCF4 is expressed not only in the adult 289 mammalian hippocampus but also in cortical and subcortical structures (Jung et al., 2018) . 290
We created N-terminally tagged 3xFLAG-da and sfGFP-da fly strains. Both strains are 291 homozygous viable and fertile, indicating that the overall functionality of Da in vivo is not 292 altered by the molecular tag. However, in luciferase reporter assay in mammalian HEK293 293 cells the sfGFP tag reduced transcription activation capability of Da. E-proteins activate 294 transcription preferably as heterodimers with class II bHLH proteins, but can also act as 295 homodimers (Cabrera and Alonso, 1991) . In mammalian HEK293 cells Da has to activate 296 transcription as a homodimer, since there are no heterodimerization partners like class II 297 bHLH proteins expressed (Sepp et al., 2012) . This suggests that sfGFP tag could interfere 298
with Da function as a homodimer in the luciferase assay but not as a heterodimer in vivo. We 299 also compared appetitive associative learning ability of 3xFLAG-da and sfGFP-da larvae and 300 both of the lines had no learning impairment in this assay. This provides additional evidence 301 that the 3xFLAG tag does not affect Da function and sfGFP tag reduces its transactivational 302 capability probably by interfering with Da homodimer function. 303
Since Da is expressed in larval brain structures associated with learning and memory, and 304 PTHS is caused by heterozygous mutations in TCF4 we tested learning ability of da 305 heterozygous mutant larvae. These larvae had no memory impairment, which could be due 306 to da upregulation by autoregulation (Smith and Cronmiller, 2001) . Learning and memory of 307 larvae was impaired when da was knocked down in the mushroom body. Da mammalian 308 orthologue TCF4 is also associated with learning and memory, since when TCF4 is 309 downregulated in mouse hippocampus, pathways associated with neuronal plasticity are 310 dysregulated (Kennedy et al., 2016) and silencing of TCF4 in human pluripotent stem cell-311 derived neurons results in downregulated signalling pathways important for learning and 312 memory (Hennig et al., 2017) . In TCF4 conditional knock-out mice the neurons in the cortex 313 and hippocampus have reduced numbers of dendritic spines, which also suggests that 314 synaptic plasticity is altered (Crux et al., 2018) . In multiple PTHS mouse models spatial 315 learning is defective probably through hippocampal NMDA receptor hyperfunction (Thaxton 316 et al., 2018) . Furthermore, many genes that code for synaptic proteins and have been linked 317 to autism, intellectual disability, or psychiatric diseases are direct targets of TCF4 (Forrest et 318 al., 2018; Hennig et al., 2017) . 319
Here we show that when da is silenced using driver with broad expression in the Drosophila 320 larval brain, expression levels of synaptic proteins disc large 1 (dlg1) and Synapsin (Syn) are 321 downregulated. dlg1 is a member of the membrane-associated guanylate kinase (MAGUK) 322 protein family. Several vertebrate homologs of dlg1 have been shown to be important for 323 learning and memory. Discs Large MAGUK Scaffold Protein 3 (DLG3), also called Synapse- We also sought out to rescue the learning phenotype caused by da silencing. For this we fed We also made an attempt to rescue the impaired geotaxis of 30Y>Dcr2;da RNAi flies using 364 resveratrol or SAHA, but we could not get significant improvement. We administrated the Luciferase Assay (Promega). Cells were lysed at 24 h after transfection. For data analysis, 440 background signals from untransfected cells were subtracted and firefly luciferase signals 441 were normalised to Renilla luciferase signals. The data was then log-transformed, auto-442 scaled, means and standard deviations were calculated and Student t-tests were performed. 443
The data was back-transformed for graphical representation. 444 445
Protein electrophoresis and Western blotting 446
For SDS-PAGE embryos, larvae, pupae, adult heads or larval brains were lysed in 2x SDS 447 sample buffer. Equal amounts of protein were loaded to gel. 448
The following mouse monoclonal antibodies were obtained from the Developmental Studies 449 Appetitive associative memory assay in the Drosophila larvae was performed as previously 473 described (Michels et al., 2017) . Shortly, the larvae were trained three times for 5 minutes on 474
Petri dishes, where one odor -amyl acetate (AM) was presented with plain agar and the 475 other odor -octanol (OCT) with agar containing fructose as a reward. Then the larvae were 476 placed in the midline of a plain agar plate and given a choice between the two odors placed 477 on separate halves of the Petri dish and after three minutes larvae were counted on each 478 half of the Petri dish. Then reciprocal training was performed with AM and fructose and OCT 479 with plain agar. Using data from two reciprocally trained tests the performance index (PI) was 480 calculated PI = (PREF AM AM+/OCT -PREF AM AM/OCT+ ) / 2. The odors and the reward were 481 presented in four different orders to eliminate any non-specific preferences. All together 12 482 training and test cycles were conducted per genotype, each time with new larvae, PI-s were 483 calculated and used for statistical analysis. The PI-s were visualized as box-whisker plots, 484 which show the median, the 10% -90% quantiles, and the 25% -75% quantiles. For 485 statistical analysis inside one genotype a one-sample sign test was applied with an error 486 threshold of smaller than 5%. For pairwise U-tests Bonferroni correction was used. SAHA 487 was dissolved in dimethyl sulfoxide (DMSO) and same concentration of DMSO (0.1%) was 488 used in the food substrate for a control. Resveratrol was dissolved in 96% ethanol and 1% 489 ethanol in the food was used for the control. 490 491
Chromatin immunoprecipitation 492
Chromatin preparations were carried out as previously described (Chanas et al., 2004) . 493
Approximately 150 mg of adult heads were collected on dry ice and homogenized in buffer 494 A1 (60 mM KCl, 15 mM NaCl, 4 mM MgCl 2 , 15 mM HEPES pH 7.6, 0.5% Triton X-100, 0.5 495 mM DTT, 10 mM sodium butyrate, 1 x EDTA-free protease inhibitor cocktail (Roche)) + 1.8% 496 formaldehyde in room temperature using first KONTES pellet pestle followed by three 497 strokes using Dounce homogenizer with a loose pestle. Homogenate was incubated 15 498 minutes and glycin was added to 225 mM followed by 5 minutes incubation. Homogenate 499 was then centrifuged 5 minutes at 4000 g at 4°C and supernatant discarded. Pellet was 500 washed three times with 3 ml A1 followed by a wash with 3 ml of lysis buffer (14 mM NaCl, 501 15 mM HEPES pH 7.6, 1 mM EDTA, 0.5 mM EGTA, 1% Trition X-100, 0.5 mM DTT, 0.1% 502 sodium deoxycholate, 0.05% SDS, 10 mM sodium butyrate, 1 x EDTA-free protease inhibitor 503 cocktail (Roche)). Cross-linked material was resuspended in 0.5 ml of lysis buffer + 0.1% 504 SDS and 0.5% N-lauroylsarcosine and incubated 10 minutes at 4°C on a rotator followed by 505 sonication using SONICS VibraCell on 70% amplitude 15 seconds intervals 30 times. Cross-506 linked material was then rotated 10 minutes at 4°C and centrifuged 5 minutes at room 507 temperature at maximum speed. Supernatant was transferred to a new tube and 0.5 ml of 508 lysis buffer was added to the pellet followed by rotation and centrifugation. Supernatants 509 were combined and centrifuged 2x10 minutes at maximum speed. Chromatin extract was 510 transferred to Microcon DNA Fast Flow Centrifugal Filter Units (Merck Millipore) blocked with 511 1mg/ml BSA in PBS and purified using lysis buffer. The volume of chromatin extract was 512 brought to 1 ml using lysis buffer. Protein concentrations were determined using BCA assay 513 (Pierce). 514
After removing equal amounts of inputs chromatin extracts were diluted 10x using dilution 515 buffer (1% Triton X-100, 150 mM NaCl, 2 mM EDTA pH 8.0, 20 mM Tris-HCl pH 8.0, 1 x 516 EDTA-free protease inhibitor cocktail (Roche)) and added to 50 µl of Dynabeads Protein G 517 (Invitrogen) beads that were previously incubated with 5 µg of monoclonal anti-FLAG M2 518 antibody (Sigma-Aldrich) in 0.05% PBS Tween20 overnight. Chromatin immunoprecipitation 519 (ChIP) was carried out overnight at 4°C. Beads with chromatin were then washed in wash 520 buffer (1% Triton X-100, 0.1% SDS, 150 mM NaCl, 2 mM EDTA pH 8.0, 20 mM Tris-HCl pH 521 8.0, 1 x EDTA-free protease inhibitor cocktail (Roche)) using a magnetic rack for 10 minutes 522 three times at 4°C on a rotator followed by final wash buffer (1% Triton X-100, 0.1% SDS, 523 500 mM NaCl, 2 mM EDTA pH 8.0, 20 mM Tris-HCl pH 8.0, 1 x EDTA-free protease 524 inhibitor cocktail (Roche)). Chromatin was eluted using 3x50 µl of elution buffer (1% SDS, 525 100 mM NaHCO 3 , 1 mM EDTA) 3x10 minutes at 37°C. The volume of inputs was brought to 526 150 µl with elution buffer. For decrosslinking 8 µl of 5 M NaCl was added and the samples 527 were incubated at 65°C overnight. Then 2 µl of RNase A (10 mg/ml) was added and 528 incubated at 37°C for 30 minutes followed by incubation with 2 µl of EDTA (0.5M) and 4 µl 529
Proteinase K (10 mg/ml) at 45°C for 30 minutes. DNA was extracted using QIAquick PCR 530
Purification Kit (Qiagen). Negative geotaxis assay 540 10 females and males were separated to fresh vials 48 hours before the assay to allow 541 recovering from anesthesia. Prior to the test males and females from control and da silencing 542 group were transferred to empty vials without anesthesia and closed with another upside 543 down vial using sticky tape. The flies were knocked down three times on the table and a 544 photo was taken after 10 seconds. The height of the vial was divided into 10 equal parts and 545 the number of flies in each compartment was counted and average height was calculated. 546
The experiment was repeated five times, each time with new flies. Average climbing heights 547 were visualized using box-whisker plots, which show the median, the 10% -90% quantiles, 548 and the 25% -75% quantiles. For statistical significance pairwise U-tests were used. 549 550 Acknowledgements 551
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